Abstracts -Detection of minor faults in power transformer active part is essential because minor faults may develop and lead to major faults and finally irretrievable damages occur. Sweep Frequency Response Analysis (SFRA) is an effective low-voltage, off-line diagnostic tool used for finding out any possible winding displacement or mechanical deterioration inside the Transformer, due to large electromechanical forces occurring from the fault currents or due to Transformer transportation and relocation. In this method, the frequency response of a transformer is taken both at manufacturing industry and concern site. Then both the response is compared to predict the fault taken place in active part. But in old aged transformers, the primary reference response is unavailable. So Cross Correlation Co-Efficient (CCF) measurement technique can be a vital process for fault detection in these transformers. In this paper, theoretical background of SFRA technique has been elaborated and through several case studies, the effectiveness of CCF parameter for fault detection has been represented.
INTRODUCTION
owadays, reliability is an inevitable part of power system studies and operation, due to significant increase in the number of industrial electrical consumers. Power transformer is one of the major and critical elements in power system [1] in the area of reliability issue, since their outage may result in costly and time -consuming repair and replacement. Power transformers are specified to withstand the mechanical forces arising from both shipping and subsequent inservice events, such as faults and lightning. Once a transformer is damaged either heavily or slightly, the ability to withstand further incidents or short circuit test [2] becomes reduced. There is clearly a need to effectively identify such damage. A visual inspection is costly and does not always produce the desired results or conclusion [3] - [5] . During a field inspection, the oil has to be drained and confined space entry rules apply. Often, a complete tear down is required to identify the problem. An alternative method is to implement fielddiagnostic techniques that are capable of detecting damage such as Frequency Response Analysis (FRA) [6] - [10] .
There are basically two techniques used for FRA measurements on power transformers; Low Voltage Impulse (LVI) based FRA and Sweep Frequency Response Analysis (SFRA) [11] . The two techniques are also termed FRA-I (impulse method) and FRA-S (sweptfrequency method) [12] . The common strategy for both methods [13] is that the transformer impedance is measured at several different frequencies. The impedance will vary from one frequency to another due to the internal constitution of the transformer.
II.

SFRA THEORY
When a transformer is subjected to FRA testing, the leads are configured in such a manner that four terminals are used. These four terminals can be divided into two unique pairs [14] , one pair for the input and the other pair for the output. These terminals can be modeled in a two-terminal pair or a two-port network configuration. Figure 1 illustrates a two-port network where z11, z22, z12 and z21 are the open-circuit impedance parameters. .
Ω
The transfer function of this network [15] is represented in the frequency domain and is denoted by the Fourier variable H(jω), where (jω) denotes the presence of a frequency dependent function and ω = 2πf. The Fourier relationship for the input/output transfer function is given by Equation 1
When a transfer function is reduced to its simplest form, it generates a ratio of two polynomials. The main characteristics, such as half-power and resonance of a transfer function occur at the roots of the polynomials. The roots of the numerator are referred to as "zeros" and the roots of the denominator are "poles" [16] . Zeros produce an increase in gain while poles cause attenuation.
The goal of FRA is to measure the impedance model of the test specimen. When the transfer function H(jω) is measured, it does not isolate the true specimen impedance Z(jω). The true specimen impedance Z(jω) is the RLC network which is positioned between the instrument leads and it does not include any impedance supplied by the test instrument. Figure 2 illustrates the RLC circuit with shunt resistor. The preferred method of engineers is to use the Bode Diagram. The Bode Diagram plots the magnitude and phase as follows:
The Bode Diagram [17] takes advantage of the asymptotic symmetry by using a logarithmic scale for frequency. It is more advantageous to plot H(s) logarithmically over large frequency spans. The logarithmic plot helps to maintain consistent resolution. Plots ranging from 10 Hz to 10 MHz can be displayed as a single plot if they are formatted logarithmically. Experience has shown that different sub-bands are dominated [18] by different internal components of the transformer and are subsequently more sensitive to different types of failures, as summarized in Table 1 
MEASUREMENT PROCEDURE
The FRAX "Generator" (Gen.) generates a sinusoidal voltage at a selected frequency and measures the input voltages, amplitude and phase, on two input channels "Reference" (Ref.) and "Measure" (Meas.). The instrument stores "Amplitude" and "Phase" data for both "Reference" channel and "Measure" channel as well as the ratio "Measure" divided by "Reference". The values can be plotted and exported as Magnitude, Phase, Impedance, Impedance-Phase, Admittance and more. The "Custom models" function makes it possible to calculate almost any parameter based on the measured/stored data. FRAX uses the sine correlation technique [19] . This means that the input voltages are multiplied by a sine and a cosine, and then averaged over an integer multiple of the interval of time. The sine, cosine and the voltage applied have exactly the same frequency. The sine correlation technique is well known and is suitable for Sweep Frequency Response Analysis (SFRA) measurements. Since the signals on the two input channels are treated the same way, the phase resolution between these two channels is very high. The rejection of DC offset and harmonics -referred to as the applied voltage -are in theory infinite. By increasing the integration cycles, the rejection gradually improves. 
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RESPONSE ANALYSIS
For the analysis of a measured response, the response in compared with one of the following:
• An earlier result [20] for the same phase tested with the same tap changer position.
• If no earlier result is available then another phase [18] of the same transformer, tested at the same occasion.
• The same phase, same tap changer position but on a unit believed to be of the same design group and made at the same factory It is found that Cross Correlation [20] coefficient (CCF) is the most reliable statistical indicator to extract information from comparison method. The CCF is defined as:
Where Xi and are Yi are the two series (or trace in the case of SFRA) being compared at each individual frequency 'i' and X-bar and Y-bar are the means. Equation 1 assumes two real series. In the case of signal processing the math becomes a little more involved, but the end results is still a coefficient between 1 and -1. In SFRA analysis negative CCF are not common but they do occur on occasion. Regardless, negative correlation coefficients are not considered acceptable when trying to look for deviations between traces. The results here are from a three phase 25/41.67 MVA, 132/33 kV (vector group Dyn-1) power transformer manufactured by EMCO Transformers Ltd. (Maharastra, India) at 1998 for Bangladesh Power Development Board (BPDB) 132 kV sub-station. The transformer had tripped out of service on protection. No reference factory results were available for this unit. The phase-to-phase HV results didn't show typical variations from standard HV delta winding response. An overall look at the LV winding has showed several shifts between 200 kHz and 2 MHz. This is shown in figure 9 where it is clear that H3-H0 has consistently shifted at higher frequencies with respect to H2-H0 and H1-H0. (Table-5) , it is easily viewable that the matching is very poor at low frequency region (0-2 kHz). This may be due to core deformation as a result of axial stress because the transformer is running for a long time (20 years). Again, poor matching at higher region (400 kHz-1 MHz) indicates main coil deformation either by radial stress or by axial stress. This deformation is more severe for A phase (Red phase). From LV winding response ( Figure 13 ) and corresponding CCF calculation (Table 7) , the previous assumption becomes stronger. Poor matching at low frequency region (0-2 kHz) and high frequency region (400 kHz-1 MHz) again spans the prediction of core damage and main winding movement firmly. After replacing the transformer from the system, it was dissected and both the prediction became true.
VI.
CONCLUSION
Sweep frequency response analysis method has been applied to a number of three phase and single phase power transformers of different vector groups. This method is also applicable for mechanical deformation and damage diagnosis in distribution transformers. The parameter Cross Correlation Coefficient (CCF) is found to vary significantly and consistently with mechanical displacements taken place in transformers. So it can be considered as the most effective indicator to predict the internal physical condition of the active part of a transformer.
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